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INTRODUCTION 
During long duration space missions liquid wastes must be ejected 
from spacecrafts. 
important because the possibility exists that the ice particles formed 
from ejected liquids could interfere with optical instrumentation. 
The behavior of liquids in a space environment becomes 
This investigation has attempted to define the behavior of a liquid 
jet in a vacuum. Major characteristics of such jets are the total in- 
cluded cone angle of the spray, the velocities of individual particles 
within the spray, the size, shape, and distribution of particles, the 
state of the particles, i.e. whether they are liquid or solid, and the 
total volume flow rate. The above characterisitics are functions of at 
least two important parameters: .the nature of the e!?cted fluid-its 
chemical and physical composition and its thermodynamic properties; and 
the physics of the injection process-orifice size and gecjmetry and in- 
jection pressure and temperature. 
This report presents some preliminary work directed toward the es- 
tablishtient of the nature of the splizys produced by injectixg liqiids 
into a vacuum. It is divided into three sections: the first reviews 
and critiques pertinent previous work; the second describes the modifi- 
cation of existing equipment and the construction of new equipment used 
in this investigation; the third. presents the experimental procedure and 
results. 
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XI. LITERATURE REVIEW 
There have been several published studies of the behavfor of fluid 
jets under vacuum conditions. The most comprehensive to date seems to 
be the Atlantic Research Corporation report by Simmons, Gift, and Markels 
(i). Both experimental and analytic work was presented. The experimental 
effort included static tests, orifice, and gasket leak tests, and vent 
line tests. 
The static tests involved exposing bulk samples of five liquids to 
vacuum conditions and observing pressure, temperature, and mass loss. 
liquids use4 were: 
The 
water 
ethyl alcohol 
ethyl alcohol-water mixture 
W-1 fuel 
liquLd nitrogen 
The static test procedure consisted of placing 1000 cubic centimeters of 
a liquid in a beaker which was placed in a sealed container in the vacuum 
chamber which was then pumped down to 20vHg. 
with an orifice of variable size which could be remotely opened. 
the liquid sample could suddenly be exposed to a vacuum. 
pressure drop which the sample experienced could be controlled with the 
The container was equipped 
Thus 
The rate of 
variable orifice. 
lence which depended on rate of pressure drop. 
pressure drop, boiling was so violent that a quantity of liquid (65 to 85 
percent) was expelled from the beaker. 
When exposed to vacuum, the liquids boiled with a vfo- 
With very large rates of 
The surface of the water sample 
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f roze  r equ i r ing  6 seconds with the  l a r g e r  rate of prcssure  drop and 6 
minutes with the  smaller .  A dense cloud of vapo$ or perhaps a m i s t  of 
l i q u i d  rose  irom t h e  su r face  of t he  l i q u i d  n i t rogen  sample simultaneous 
with the  exposure t o  vacuum. This was followed immediately by v i o l e n t  
b o i l i n g  a t  t h e  t o p  of t h e  l i qu id .  
in Figure 1. 
Typical  r e s u l t s  f o r  water a r e  shown 
The vent  l i n e  tests were conducted with apparatus cons i s t ing  of a 
vent  l i n e  terminated by a solenoid valve followed by a 1 2  inch Pyrex tube. 
Three tube conf igura t ions  were used: 
bend, and a tube with a 180' bend. 
a s t r a igh t  tube,  a tube wi th  a 90' 
The rad ius  of t h e  bends w a s  about 2 
inches and the  diameters of t h e  tubes were e i t h e r  3/8 o r  1 / 2  inches.  A 
3/69 inch o r i f i c e  was put  i n  t h e  l i n e  t o  l i m i t  t h e  flow t o  t h a t  which 
could be handled by t h e  pumping system. 
s t a n t  pressure and t h e  mass rate of discharge w a s  measured with a balance 
The discharge occurred a t  con- 
system. The l i q u i d s  used were: water, hydrogen peroxide,  n i t rogen  tetr- 
oxide, a 1:l mixture of hydrozine and UDMH, l i q u i d  hydrogen, l i q u i d  oxygen 
and l i q u i d  n i t rogen .  
The l i q u i d s  discharged from t h e  tube i n  sprays of p a r t i c l e s  and vapor. 
Various s o l i d  formations formed on t h e  end of t he  discharge tube due t o  
t h e  e j ec t ed  l i q u i d s  f r eez ing  on t h e  tube. The formations would grow u n t i l  
broken off  by g rav i ty ,  t he  fo rce  of flow, and a weaklng of t h e  so l id-g lass  
i n t e r f a c e  by sublimation. A new formation would begin growing as soon as 
t h e  old had broken away. Flow stoppage by plugging was a problem only 
w i t h  water. 
i n  t h e  line. 
Since water expands when frozen,  a secure  plug could be formed 
The o the r  l i q u i d s  formed plugs,  b u t  a s  they contracted on 
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f reez ing ,  t he  plugs were not w e l l  seated. i n  the  l i n e  and could be e a s i l y  
blown out. 
away. 
only i n  t h e  case of water o r  o the r  substances o r  mixtures which would ex- 
pand on freezing.  
charge tube could be reduced or prevented by providing a non-wetting sur- 
face on t h e  end of t h e  tube and by high l i q u i d  discharge rates. 
The s o l i d s  formed i n  t h e  l i n e  by the’cryogens soon sublimed 
Thus, f3ow blockage due t o  f reez ing  would appear t o  be a problem 
The growth of s o l i d  formations on t h e  end of t h e  dis-  
The apparatus f o r  conducting t h e  o r i f i c e  l eak  tests consis ted of a 
c y l i n d r i c a l  tar.k 6 i n c h e s , i n  diameter and 24 inches long i n t o  which leak 
holes ,  O.OPO1 t o  0.050 inches i n  diameter,  were d r i l l e d .  Flow was con- 
t r o l l e d  by moving a rubber o r  t e f l o n  covered wheel. 
pended from a beam balance system and mass flow measurements were made. 
The tank was sus- 
The f reez ing  d i s t ance  of t h e  spray and t h e  s i z e  and v e l o c i t y  of t h e  
p a r t i c l e s  c o n s t i t u t i n g  t h e  spray were measured. 
In  genera l  i t  w a s  observed t h a t  l i q u i d s  with low vapor pressures  
such as water discharge as a penci l - l ike j e t ;  l i q u i d s  with higher  vapor 
pressures  such as ni t rogen  t e t r o x i d e  discharged i n  c y l i n d e r i c a l  j e t s  
near t h e  hole  bu t  soon disperded i n t o  a spray of vapor and frozen pa 
cles, presumably due t o  bo i l ing ;  cryogenic sa tu ra t ed  l i q u i d s  bo i l ed  . 
t h e  hole  with vapor and l i q u i d  o r  f rozen p a r t i c l e s  spraying i n  a l l  d i r e c t i o n s  
from the  o r i f i c e .  
‘ e- 
P a r t i c l e  s i z e s  and v e l o c i t i e s  were determined by a s t r a i g h t  photo- 
graphic approach. 
ence gained i n  the  cur ren t  program, obtaining successfu l  r e s u l t s  photo- 
g raphica l  depends upon t h e  l i g h t i n g  arrangement used. 
Considering t h e  d iscuss ion  i n  t h i s  r e p o r t  and experi- 
F i r s t  16mm high 
speed mction p i c t u r e s  were taken of a water j e t .  The spray was l igh ted  
by a narrow beam of l i g h t  produced by a c y l i n d r i d a l  l ens  and arranged so 
t he  beam woui-l t r a v e r s e  the  a x i s  of the spray cone. Thus, only drops 
moving very near ly  p a r a l l e l  t o  t h e  plane of t h e  f i l n  would be photo- 
graphed and meaningful ve loc i ty  measurements made. Unfortunately,  only 
s ix  drops coald be tracked and t h e  g r e a t e s t  d i s t ance  over which a drop 
was tracked was approximately one inch. The d i f f i c u l t y  seemed t o  arise 
because the  p a r t i c l e s  forming t h e  spray were i r r e g u l a r  and r o t a t i n g .  
This caused g rea t  v a r i a t i o n s  i n  t h e  amount of l i g h t  r e f l e c t e d  and thus 
recorded on t h e  f i l m  and hence t h e  p a r t i c l e s  seemed t o  appear and d is -  
appear. The motion p i c t u r e  work w a s  thus abandoned i n  favor  of s t i l l  
p i c t u r e s  and an e l e c t r o n i c  f l a sh .  With t h i s  arrangement t h e  spray p a r t i -  
cles recorded as s t r e a k s  o r  a series of do ts .  The l i g h t i n g  arrangement 
was the  same as used f o r  high speed movies except the  source w a s  nob 
a f l a s h  tube. The problem with t h i s  arrangement was determining the  ef- 
f e c t i v e  f l a s h  dura t ion ,  t h a t  is t h e  t o t a l  length of t i m e  t h e r e  is s u f f j -  
c i s t  i l lumina t ion  f o r  a p a r t i c l e  image t o  register on the  fi lm. It was 
concluded t h a t  the procedure used i n  measuring t h i s  f l a s h  du ra t ion  pro- 
bably lea3 an uncer ta in ty  of p l u s  200 percent  i n  t h e  v e l o c i t y  measurements. 
Nevertheless t h e  v e l o c i t i e s  of a number of drops of var ious  l i q u i d s  i n  
sprays under i n j e c t i o n  pressures  of 50 and 14 .7  p s i  were found. 
par ison of these  v e l o c i t i e s  and those measured i n  t h i s  cur ren t  work w i l l  
be  given i n  a subsequent section. '  
A com- 
The s ize  of t h e  p a r t i c l e s  i n  these  sprays was found by comparing t h e  
image s i z e  of t h e  p a r t i c l e s  t o  t h e  image s i z e  of g l a s s  beads of known 
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diameter, 
vary from 40 microns t o  a h s t  500 microns. 
was 40 to  370 microns, 
In t h e  l i q u i d  oxygen spray p a r t i c l e  diameter vas found t o  
For*ater t h e  v a r i a t i o n  
The determination of whether t h e  spray p a r t i c l e s  w e r e  l i q u i d  or 
s o l i d  w a s  attempted by l e t t i n g  i h e  spray impinge upon a f l a t  p l a t e .  I f  
t h e  p a r t i c l e s  bounced of f  t he  p l a t e ,  they w e r e  assumed t o  be frozen; i f  
they s p l a t t e r e d  and s o l i d  accumulated on the p l a t e ,  t h e  p a r t i c l e s  were 
assumed t o  be l i qu id .  This i n v e s t i g a t i o n  was  performed wi th  sprays of 
uatcr, hydrogen peroxide, n i t rogen  t e t rox ide ,  hydrozine-UDME mixture, 
and t h r e e  cryogens. 
The r e s u l t s  ind ica ted  that the  w a t e r  spray a t  a l l  discharge rates 
from t h e  0.05 inch diameter ho le  had not  f rozen wi th in  37 cent imeters  
of t h e  o r i f i c e  (37 centimeters w a s  the maximum range of movement of t he  
p l a t e )  , The f -eezing d i s t ances  of t he  n i t rogen  t e t r o x i d e  and hydrogine- 
UDMII mixture depended on t h e  discharge rate, t h a t  i s  discharge pressure.  
For low discharge rates t h e  sprays f roze  almost as soon as they formed; 
for higher discharge rates s e v e r a l  cent imeters  were required f o r  t h e  
spray t o  freeze.  
as they l e f t  t h e  o r i f i c e  f o r  a l l  discharge rates t e s t ed ,  
of t he  p a r t i c l e s  i n  the  l i q u i d  oxygen spray were frozen a t  1 c m  from the  
o r i f i c e ;  however, most a l l  were frozen wi th in  8 c m  of t h e  o r i f i c e .  
The l i q u i d  hydrogen and l i q u i d  n i t rogen  sprays  f roze  
A few o r  none 
The Boeing Company conducted an inves t iga t ion  of t he  problem of 
t h e  expulsion of watsr-ba:-.J l i q u i d s  i n t o  a hard vacuum (2). This in- 
ves t iga t ion  had t h r e e  .statt>d obis - ’ . _  ‘lo confirm t h a t  t h e r e  exists 
a problem of flow stoppage $ ’ *  - h g ;  t o  determine t h e  e f f e c t s  of 
8 
rates, water 
performance; 
temperature, and initial nozzle tip temperature on nozzle 
to record the ice formations photographically. 
J 
This investigation was conducted in a space simulation chamber which 
was six feet long and four feet in diameter and which was equipped with 
liquid nitrogen cooled, chevron-shaped cryoplates across the entire chamber 
exit duct in addition to another twenty square feet of cryoplates mounted 
within the chamber. 
low 0.1 mm of Hg. 
cally stainless steel tubes brazed to a four inch diameter, 0.062 inch 
thick mounting flange. 
third w a s  3/16 inches. 
corner and polished smooth. 
with a 0.1 inch diameter throat. 
the investigation except distilled water was used in three runs, without 
any detectable difference. 
Chamber pressure was consistently maintained be- 
Four different nozzles were tested. Three were basi- 
Two nozzles were 3/8 inches in diameter and the 
The discharge opening was machined to a sharp 
The fourth nozzle was a converging nozzle 
Plain tap water was used throughout 
Ice formations similar to those reported in the Atlantic Research 
Corporation's report (1) were observed and the following conclusions re- 
garding flow blockage were drawn: 
should be avoided; short infrequent periods of expulsion with high flow 
rates are preferable to steady or fluctuating low flow rates; the area 
immediately surrounding the nozzle should be smooth and designed t o  mini- 
mize ice adherence or buildup. 
Low water and low nozzle tip temperatures 
A report bp the Brown Engineering Company's Research Laboratories (3) 
considers work which has been done t o  determine the drop sizes which form 
9 
from jets and the expected life times of ice spheres as a function of 
radius. This work also discusses water formatiop in space conditions 
from rocket plumes. 
Under conditions of free fall when the only forces acting on a 
liquid mass are surface tension and a pressure across the surface due 
to vapor pressure, drop fracture is expected to occur until these forces 
balance. 
a stable drop diameter can be computed. 
38 microns. 
simulataneously resulting in larger diameter particles as fracturing 
stops when the liquid mass has frozen. 
for ice particles yield the following relati03 for the expected life 
time of such particles in a space environment: 
Assuming constant temperature during the fracturing process 
For water this diameter is 
In the actual case, the liquid mass will cool and fracture 
Thermal equilibrium calculations 
- 5  t(sec) = 1.39 x 10 r (cm) 
r = radius of particle 
The above relation assumes solar absorptivity for ice particles ranges 
from about 0.02 to 0.10 and the emissivity is 0.8. 
spherical. 
The drops are assumed 
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111. EXPERIMEhTA', APPARATUS 
This phase of the investigation was conductbd in the Mcrphy and 
Hiller Vqcuum Chamber at the National Aeronautics and Space Administra- 
tion's !Assissippi TeLt Facility; an overall view of test setup is shown 
in FiRure 2. 
inches in diimeter by 60 inches long. 
Stokes mechanical pump, a Roots high volume bloyer, and an oil diii,slon 
pump. The c,ystem is capable of producing a minimum pressure of 2.3 x 10 
This apparatus consists of a cylfndrical test chamber 47 
The chamber is evacuated by a 
-5 
torr. 
and two in each side of the chamber. 
24 inch diameter fJ.anged hole in one side on which a plate may be bolted 
to provide a sunting for feedthroughs. The 
chamber pressure is measured by a Hasting thermocouple gage and Alphatron 
There are five glass ports ir thr test chamber: one in the door 
Additionally the chamber has a 
This is shown in Figure 3. 
ionization gage. 
gation and the chamber was instrumented with a Logatorr unit consisting 
of a thenocouple gage and an ionization gage. 
The Alphatron gage was disconnected during this investi- 
The following modifications were made to the vacuum system for this 
investigation. 
liner was cylindrically shaped (38 inches in diameter by 56 inches long) 
and made of 1/4 inch stainllzss steel plate. The end of the liner toward 
the rear of the chamber W ~ S  closed by a l/2 inch stainless steel plate 
welded across the liner. 
center with chevron shaped louvers mounted within the hole. 
end, toward the front .of the chamber, had a demountable end plate which 
was not mounted dming this investigation. 
A cryogenic liner was installed in the test chamber. This 
This plate had a two foot square hole cut in the 
The other 
Holes were cut in the side of 


t h e  l i n e r  t o  correspond t o  the  p o r t s  i n  
view of the  l i n e r  without t h e  end p l a t e  
13 
t h e  s i d e  of the  chamber. An end 
mounted i's shown i n  Figure 4. 
The l i n e r  w a s  wrapped with 26 tu rns  of copper tubing and the  tubing clamped 
t o  the  l i n e r  with over 200 U-bolts. 
w a s  c i r cu la t ed  through the  tubing and i n t o  a cold t r a p  ahead of t h e  d i f -  
fus ion  pump i n  t h e  vacuum system, and then w a s  vented i n t o  the  atmosphere. 
The copper tubing was a l s o  piped i n t o  t h e  90 pound compressed a i r  system 
and into a high temperature (175OF) water system. Heating t h e  l i n e r  with 
t h i s  hot  water aided i n  evaporating f l u i d  from t h e  l i n e r  a f t e r  a test was 
completed. 
s t an tan  thermocouples, one i n s i d e  the  l i n e r  and one outs ide.  
i n t e r i o r  w a s  painted f l a t  black with Nextel Velvet Coating 101-C10 black 
pa in t .  
During var ious tests l i q u i d  n i t rogen  
The temperature of t h e  l i n e r  w a s  sensed by two copper-con- 
The l i n e r ' s  
The g l a s s  p o r t  on the  door of t h e  chamber w a s  removed and replaced by 
a f l u i d  i n j e c t i o n  sys t em.  
f l u i d  which w a s  t o  be in j ec t ed  i n t o  the  vacuum system, a s i g h t  g l a s s  
arrangement i n  t h e  s i d e  of t he  tank, a valved f i l l - d r a i n  l i n e ,  a valved 
pressur iza t ion  l i n e ,  a plunger f o r  s t a r t i n g  and stopping the  i n j e c t i o n  of 
t h e  f l u i d ,  a threaded hole  f o r  mounting t h e  nozzle,  a hot  water l i n e  f o r  
heat ing t h e  nozzle,  and a small p o r t  and n i r r o r  f o r  c lose  viewing of t h e  
nozzle surface.  A view of the  outs ide  por t ion  of the  i n j e c t i o n  system i s  
given by Figure 5. 
This system consis ted of a tank t o  hold t h e  
The i n t e r i o r  f e a t u r e s  are shown i n  Figures 6 and 7. 
The tank cav i ty  was machined from a s o l i d  block of s t a i n l e s s  s teel  
approximately 4 inches square and 15 inches long. 
mately 2 . 5  inches i n  diameter and 14 inches long and holds j u s t  over a 
The cav i ty  i s  approxi- 


l i t e r  of f l u i d .  A narrow s l i t  was cu t  down one s i d e  of t h e  tank and 
covered with a P lex ig l a s  p l a t e  with a neoprene ggsket forming a seal be- 
tween t h e  tank and t h e  P lex ig l a s  p l a t e .  
down the  P lex ig l a s  p l a t e  t o  form reference  l i n e s  f o r  flow rate measurements. 
A copper-constantan thermocouple was i n s t a l l e d  near t h e  bottom of the  tank 
t o  sense f l u i d  temperatures. Two copper thermocouple leads  penetrated t h e  
P lex ig las  and were sealed with an  epoxy. 
Evenly spaced l i n e s  were scr ibed  
These f e a t u r e s  may be seen i n  
Figure 5. 
t he  cavi ty  f o r  f i l l i n g  and dra in ing  t h e  tank. 
p l a t e  forms the  l i d  f o r  t h e  tank and was held i n  place by four  machine 
screws and w a s  sea led  by an O-ring. The tank was pressurized by a 1 / 4  
inch tube which passed through t h e  l i d .  
A 1 / 4  inch valve w a s  mounted i n  a tapped hole  at t h e  bottom of 
A 1 / 4  inch s t a i n l e s s  s t e e l  
The tank was welded t o  a spacer which passed through a t e n  inch 
diameter mounting r la te .  
t he  tank and spacer. 
with 3/4 UNF screw threads  f o r  mounting t h e  d i f f e r e n t  nozzles.  
plunger with th ree  O-rings on the  nozzle end s l i d i n g  i n  t h e  1 / 2  inch dia- 
meter hole  served as a valve t o  s tar t  and s top  flow t o  the  nozzle. A 1 / 4  
inch s t a i n l e s s  s teel  tube enc i rc led  t h e  spacer  and passed through the  
mounting plate and was connected t o  a ho t  water system t o  se rve  as a means 
of hea t ing  the  nozzle. 
s t a i n l e s s  s teel  hea t ing  tube a r e  shown i n  Figures  6 and 7. 
t o  t h e  thcrmocouyle which i s  at tached t o  the  nozzle by a p i p e  clamp is 
shown i n  these  f igu res .  a l so .  
A 1/2  inch diameter ho le  was l i n e  d r i l l e d  through 
The i n t e r i o r  end of t h i s  ho le  was d r i l l e d  and tapped 
A b r a s s  
The spacer with a nozzle mounted i n  i t  and t h e  
The wire lead  
Tank p res su r i za t ion  (Ffgiire 8) was suppl ied by a cy l inder  of high 
pressure gas which fed  a b a l l a s t  tank (capaci ty  approximately f i v e  cubic 



f e e t )  through a pressure  regula tor .  The b a l l a s t  tank w a s  connected 
d i r e c t l y  t o  t h e  f l u i d  i n j e c t o r  tank by a rubber vacu-m hose. 
tank pressure w a s  measured by a Heise pressure  gage which read from 30 
inches of mercury vacuum t o  15 pounds per  square inch above atmospheric 
pressure.  
Ballast 
This p re s su r i za t ion  arrangement is  shown i n  Figure 10. 
The nozzles were machined from b r a s s  bar  stock. Each nozzle w a s  
about 1 1 /2  inches long and 1 inch i n  diameter. 
and threaded w i t h  3/4-UNF screw threads.  A 1 / 2  inch d iameter  hole  w a s  
d r i l l e d  from t h e  threaded end'of t h e  nozzle  t o  wi th in  a f r a c t i o n  of an 
inch of t h e  o ther  end. 
(0.020"; 0.031"; 0.039") w a s  then used t o  d r i l l  i n t o  t h e  1 / 2  inch diameter 
hole  fr*.ui t h e  o ther  s ide .  The nozzle was then faced on a l a t h e  t o  pro- 
duce a sharp edged o r i f i c e .  
Figure 9 enlarged 40 diameters. 
a copper-constantan thermocouple a t tached  t o  t h e  nozzle sur face  by a 
p ipe  clamp. 
j e c t o r  w a s  made by an O-ring gasket. 
One end was turned down 
A w i r e  gauge d r i l l  of t h e  appropr ia te  s i z e  
The 0.031" diameter o r i f i c e  i s  .',own i n  
The nozzle temperature was sensed by 
The seal  between the  nozzle and t h e  body of t h e  f l u i d  in- 
A s p e c i a l  Aluminum f lange  p l a t e  w a s  used t o  mount t.wo e i g h t  p in  in s t ru -  
mentacicn feedthroughs, two hign cur ren t  feedthroughs, and feedtkroughs 
f o r  t he  l i q u i d  n i t rogen  supply and r e tu rn .  
moved from the  chamber door when the  f l u i d  i n j e c t i n g  device was i n s t a l l e d  
waa a l s o  mounted on t h i s  p l a t e  t o  provide an a d d i t i o n a l  s i d e  po r t .  
s e a l s  were made using O-rings except t h e  s e a l  f o r  t h e  p o r t  which was made 
by a neoprene gasket.  
The g l a s s  p o r t  which w a s  re- 
A l l  
This p l a t e  is shown i n  Figure 3. 
The f l u i d  spray was photographed using boch s t i l l  and h i s h  speed 
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cameras. The still photographs were made through the side ports of the 
chamber using a 4 x 5 inch view camera with a 135mm focal length isns 
on Royal Pan film. 
Two floodlights were plzced inside the cryogenic liner directly above 
Exposure times used were 1/60 second and 25 seconds. 
the spray. One of these floodlights appears in an end view photograph 
of the test chamber which is shown as Figure 4. 
os the floodlight power cord controlled the light intensity. 
A variable transformer 
The spray 
was photographed against a background made of a 1/3 inch Aluminum sheet 
painted flat black and marked. with various grid lines. 
The high speed motion pictures were made with a model WF-148 Wollensak 
Fastex "S" high speed camera. Some preliminary work was done with different 
speeds, lens focal length, and lighting arrangements. The drop velocity 
measurements were made from movie film which was taken at approximately 
4000 frames per szcond with a 35mm focal length lens at f 2.8. 
B l6mm film was used. 
Ektachrome 
Successful motion picture photography of sprays in vacuum depends 
greatly on obtaining proper lighting. 
th is  project indicates a modified backlighted spray photographs best. 
A diagram of the lighcing arrangement used in the footage from which the 
velocity measurements were made is shown as Figure 11. 
background w a s  not used in the high speed movie work so that more flexi- 
bility of the lighting arrangement could be obtained. 
Expei-'.ence gained thus far in 
The flat black 
The temperatures of the nozzle, line, photographic background, and 
fluid just prior to injection were sensed by copper-constantan thermocouples 
and recorded by Trans Data, Inc. Strip Chart Records Model 900. 
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Experimental Procedure and R e s u l t s  
The f i r s t  p a r t  of t h i s  program consis ted of 'a series of tests t o  
measure the  volume flow rate of outgassed water through t h r e e  nozzle 
s i z e s  ( o r i f i c e  diameters of 0.020, 0.031, and 0.039 inches) a t  f i v e  in- 
j e c t i o n  pressures  frJm approximately 2 t o  25 ps ia .  I n  add i t ion  t o  t h e  
flow rate measurements two s t i l l  photographs of t h e  spray were taken- 
one a t i m e  exposure of 25 seconds and the  o the r  a t  1/60 second. 
r e s u l t s  of t he  volume flow measurements are presented i n  Figure 13. 
The 
As seen from th i s  f i g u r e  t h e  volume flow rate and i n j e c t i o n  pressure  
are r e l a t e d  by t h e  following equation: 
b 1 / 2  v = cp where: = volume flow r a t e  
p = i n j e c t i o n  pressure 
c = constant  ( d i f f e r e n t  f o r  each nozzle) 
Some of t he  s t i l l  photographs are presented i n  Appendix A. Included cone 
angles  as  a func t ion  of i n j e c t i o n  pressure  were obtained from these  photo- 
graphs and are p l o t t e d  i n  Figure 1 4 .  It appears from t h i s  f i g u r e  t h a t  
t he  cone angles  and i n j e c t i o n  pressure  are r e l a t e d  by an equat ion of t he  
form: 
m a = ap where: a = cone angle  
p = i n j e c t i o n  pressure 
m,a = constants  
- 
A problem arises when attempting t o  obta in  cone angles  of sprays photo- 
graphical ly .  A s  seen from the  photographs of t h e  sprays,  they are dense 
near t he  center  and become progressively less  dense away from t h e  a x i s  
of t h e  j e t  and no clear boundary a t  the j e t ' s  edge e x i s t s .  The i n t e n s i t y  
26 
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of the  photographic image of t h e  spray depends on t h e  s i z e  and concen- 
t r a t i o n  of t h e  drops comprising t h e  spray,  t h e  ahangement and i n t e n s i t y  
of the  l i g h t i n g  of t h e  spray,  as w e l l  as t h e  f i lm  speed, exposure t i m e  
( s h u t t e r  speed),  and ape r tu re  used. It i s  q u i t e  l i k e l y  the re fo re  t h a t  
small and widely separated drops a t  the  periphery of t h e  spray did not  
r e g i s t e r  on t h e  f i l m  and t h e  t o t a l  included angles  of t he  sprays were 
somewhat l a r g e r  than those measured. 
seen t h a t  t h e  d a t a  f o r  t h e  l a r g e  nozzle (0.039") does not  have near ly  
as much scatter about i t s  represent ive  l i n e  as does t h a t  of t h e  small 
nozzle (0.020"). It i s  f e l t  t h a t  t h i s  i s  due t o  t h e  spray from t h e  
s m a l l  nozzle being f i n e r  and more d i f f u s e  than t h e  spray from t h e  l a r g e r  
nozzles ,  making i t  more d i f f i c u l t  t o  correct3.y de f ine  t h e  boundaries of 
the small j e t .  
Again consider Figure 14 .  It i s  
A second series of tests were conducted t o  ob ta in  p a r t i c l e  v e l o c i t i e s  
as a func t ion  of i n j e c t i o n  pressure  f o r  cutgassed water and f o r  water with 
carbon dioxide dissolved i n  i t .  The r e s u l t s  of t h i s  series of tests i s  
presented i n  Figure 12. Each v e l o c i t y  p l o t t e d  i s  t h e  average of t h e  
v e l o c i t y  of approximately twenty p a r t i c l e s  tracked a t  each pressure.  
These v e l o c i t i e s  were obtained by photographing the  spray wi th  a h igh  
speed 1 6  mm movie camera. 
f o c a l  length ,  i t  was poss ib l e  t o  photograph t h e  spray so  t h a t  i nd iv idua l  
p a r t i c l e s  could be  tracked f o r  approximately f i f t y  frames. This corres-  
ponded t o  an a c t u a l  d i s t ance  of about  s i x  inches. 
vided by timing marks.put on the  edge of t h e  f i l m  a t  one t h o u s a d  p e r  
By proper choice of camera locatiozi and l e n s  
A time base was prs- 
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second. During t h i s  f i r s t  a t t e m p t  t o  measure p a r t i c l e  v e l o c i t i e s ,  70 
e f f o r t  w a s  made t o  o b t a i n  only  a s e c t i o n  of t h e  kpray:  r a t h e r  t h e  en- 
t i re  sp ray  w a s  phJtogzaphed. Hence some d i s p e r s i o n  of v e l o c i t i e s  would 
b e  expected because many p a r t i c l e s  would no t  be moving e x a c t l y  p a r a l l e l  
t o  t h e  f i l m  p lane .  
might have been expected.  
t h i s  work are compared t o  r e s u l t s  ob ta ined  %y t h e  A t l a n t i c  Research 
Corpora t ion  group (I). 
which were moving only  p a r a l l e l  t o  t h e  f i l m  p lane .  From F igures  1 2  and 
13  i t  can be  fcslld t h a t  t h e  average  v e l o c i t y  of the i n d i v i d u a l  p a r i c l e s  
i s  roughly twice t h e  mass average  v e l o c i t y .  
r c ~ c r t s  (1): many p a r t i c l e s  appeared t o  b e  r o t a t i n g ,  
h igh  speed movies,  many p a r t i c l e s  appear  dim b u t  as they  move a c r o s s  t h e  
Th i s  d i s p e r s i o n  d i d  occur  b u t  no t  t o  t h e  deg ree  which 
Consider  Table 1. Here t y p i c a l  r e s u l t ;  from 
The l a t t e r  d i d  measure t h e  v e l o c i t y  of p a r t i c l e s  
Corresponding t o  eE-.iler 
When viewing th:  
s c r e e n  t h e i r  b r i g h t n e s s  w i l l  i n c r e a s e  
T h i s  is  undoubt ly  due t o  s p e c u l a r  r e f l e c t i o n s  from uneven pa r t i c l e  s u r f a c e s .  
:ply and then  d e c r e a s e  a g a i n .  
The procedure f o r  p r e p a r i n g  outgassed  water c o n s i s t e d  of b o i l i n g  
d i s t i l l e d  water i n  a f l d s L  f o r  an hour ,  t h e n  s e a l i n g  t h e  f l a s k  from t h e  
atmosphere and a L 3 w i n g  t h e  water t o  c o o l ,  t h e i e b y  c r e a t i n g  a vacuum 
above t h e  water. 
p r e s s u r e  of approximately 28 i n c h e s  of ne rcu ry  vacuum and a l l  l i n e s  were 
f lu shed  w i t h  helium. The f l a s k  was s l i g h c l y  p r e s s u r i z e d  w i t h  hel ium and 
t h e  water w a s  drawn i n t o  t h e  injection tank. When d i s s o l v e d  carbon d io-  
x i d e  was wanted i n  t h e  water, t h e  above p r o s d c l r e  was used ,  bu t  carbon 
d i o x i d e  r a t h e r  t h a n  h.>lium WPS used. 
p r o g r e s s i v e l y  from t h e  3.owest a b s o l u t e  p r e s s u r e  t o  t h e  h i g h e s t .  
The b a l l a s t  and in jec t icn  t anks  were evacuated t o  a 
I n  t h i s  case t h e  runs  were made 
The 
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pressur iz ing  gss  (CO ) w a s  bubbled throuq.. t h e  water before  each run. 
The mole f r a c t i o n  of gas dissolved i n  t h e  water 'is obta inable  from Henry's 
Law. 
2 
During the  early runs an  attempt was made t o  study only a t h i n  s e c t i o n  
of the water s p r a y  from t h e  nozzles by using a sharp edged s l o t  and b a f f l e  
arrangement t o  s p l i t  t h e  spray. The s l o t  w a s  heated by t h r e e  t o  four  f e e t  
of Nichrome w i r e  epoxied t a  t h e  aluminum angle  forming t h e  s l o t .  
constantan thermocouple sensed t h e  s l o t  temperature. 
A copper- 
Two problens a rose  witk  t h e  u s e  of t h e  s l o t .  F i r s t ,  t h e  j e t  w a s  
uns tab le  i n  t h a t  i r  v w I d  sweep from s i d e  t o  s i d e  and m i s s  t h e  s l o t  most 
of the  t i ne .  
eject a t  an aagle  t o  t h e  plane of 
d i c u l a r  to  i t  a d  hence miss t h e  s la t .  Second, t h e  slol; vould ice over 
in s p i t e  of heating. On one occasion t h e  s l o t  iced over when i t  was a t  
a temperature somewhat g r e a t e r  than 55 F. 
to the s l o t  but  i c i n g  cculd not  be prevented. 
ice cone formed d i r e c t l y  on t h e  head of a l/4" s t a i n l e s s  steel  b o l t .  
Thc thermocoupie sensing s l o t  teinperature w a s  clamped under t h i s  b o l t  
head and read a temperature i n  excess of 100 F f o r  almost 1 / 2  hour before  
thr; ice cone hroke away from the  s l o t .  This suggests  t h a t  i c i n g  w i l l  be 
a problem even witb heated sur faces .  
W i i i j k  spray was photographed over a d i s t ance  of 18 inches a f t e r  leaving 
the  nozzle. 
Often t h e  j e t  would sett le i n  ~1 s t a b l e  pos i t i on  but would 
\e nozzle su r face  r a t h e r  than perpen- 
0 S t i l l  more hLkting was q p l i e 3  
During run number four  an 
0 
The s l o t  w a s  no longer used but  t h e  
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I this Investigation 
Table 1 
Comparison of the Distribution hf 
Particle Velocities Between Current 
Work and Previous Work 
Velocities from 1 Velocities Presented 
Injection Pressure: 12.4 psia 
Fluid: outgassed water 
cm Particle Velocity - sec 
1605 
1655 
17 30 
1500 
1605 
1480 
1545 
1455 
1655 
1505 
15 30 
1470 
1640 
1675 
1470 
1690 
1590 
16 30 
in Reference I 
Injection Pressure: 14.7 psia 
Fluid: water 
cm Particle Velocity - sec 
1105 
4210 
2100 
2270 
1335 
2210 
1018 
2320 
3460 
1237 
1061 
1040 
1203 
1117 
1110 
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APPENDIX A 
Photographics of Sprays 
Produced by Various Iajection 
Pressures and Orifice S i z e s  
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Table 2 
Fluid Type: outgassed water 
Nozzle Inject ion Exposure 
Photograph Size  Pressure Time 
Number (inches) ( p s i 4  (seconds) 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
0 . 020 
0 . 020 
0.020 
0.020 
0 . 020 
0.020 
0.020 
0 . 020 
0 . 020 
0.031 
0.031 
0 . 031 
0.031 
0.031 
0.031 
2.1 
2.1 
5.0 
5.0 
10.3 
10.3 
15.0 
15.0 
26.9 
2.8 
2.8 
15 .o 
19.6 
24.6 
24.6 
1/60 
25 
1/60 
25 
1/60 
25 
1/60 
25 
25 
1/60 
25 
25 
25 
1/60 
25 















